Introduction
Why the particular 20 amino acids were selected to be encoded by the Genetic Code remains a puzzle. Is this standard set the optimal choice or would many other amino acids be just as useful? While we can expect some arbitrary choices, where a selected amino acid is as good as another not used, how much luck was involved with this choice, leaving us with a frozen or historical accident [1] that we are now unable to change? Here, I argue that there are excellent reasons for using (or not using) each possible amino acid and that the set used is near optimal.
The RNA World
Protein synthesis is likely to have arisen following the RNA World [2] , approximately 4 billion years ago, a time between the origin of life and the Last Universal Common Ancestor of all life on Earth. Life then used RNA, cofactors and metals to perform catalysis and DNA as the genetic material. The planetary atmosphere was mildly reducing, with no free oxygen, so metabolism was entirely anaerobic.
Cofactors, such as NAD, flavins, S-adenosyl methionine, pyridoxal phosphate and many metals, are superb catalysts for a wide range of chemical reactions, notably redox reactions, transfer of small groups and electron transfer. Their essentiality for metabolism and the presence of RNA fragments in their structures suggest that they were present in the RNA World [3] [4] [5] [6] [7] . As redox chemistry and small group transfer are so well covered by cofactors, there was no need for proteins to perform these functions. Amino acids were instead selected to promote folding into close-packed structures, forming binding pockets bound by nonpolar and charged groups, and with oriented hydrogen bond donors and acceptors.
In terms of the three simple properties of charge, size and hydrophobicity, the selected amino acids show a high diversity compared to random alternative sets [8, 9] . While a wide range of these properties is clearly desirable, additional factors must also play a role.
Weber and Miller [10] considered the same question of why these 20 amino acids, in 1981, and made many insightful points, although largely considering the ease of synthesis of each amino acid, particularly in prebiotic conditions, and their susceptibility to unwanted chemical reactions. If protein synthesis arose from the RNA World, however, life was already biochemically sophisticated and the environment was substantially modified from the conditions prevailing during abiogenesis. Arguments based on prebiotic conditions are thus not especially helpful in rationalising amino acid selection. Cleaves discussed the origin of the biologically coded amino acids in 2010, with his review concentrating on prebiotic syntheses, stability, chirality, biosynthetic accessibility and cost [11] . Here, I re-evaluate the amino acids, mostly from the perspective of how they affect protein structure and stability. I will assume that proteins are only composed of a-amino acids, although alternative biopolymers is a fascinating field in itself.
Criteria for selecting amino acids

Choice of atoms
Are there alternatives to C, H, N, O and S? Amino acids need to be made of atoms that are abundant on Earth and have useful properties. Atoms such as selenium and antimony might have interesting chemistry, but their rarity precludes their use. Metals are too soluble in water to be retained in a side chain. Halogens polarise bonds, due to their high electronegativity, and can be prone to nucleophilic attack to give their ions. Silicon and phosphorus are likely to be the only plausible additional atoms that could be used. Phosphorus is not especially abundant, however, and was already heavily used in the RNA World. Protein phosphorylation is widespread, although this takes place at selected sites only, perhaps to help avoid unnecessary use of this essential atom. Phosphoserine is also easily hydrolysed. Silicon is abundant, but has a strong tendency to form four bonds to oxygen, rather than any other atom. Organosilanes appear to have few functional groups that would have a clear advantage over those formed by carbon.
Functional groups
The choice of functional groups is rather limited in small molecules when using only C, H, O, N or S.
Amides, amines, hydroxyls, carboxyls and carbonnitrogen bonds, present in the standard set, are stable groups that can form hydrogen bonds and electrostatic interactions. Esters, anhydrides, nitriles and many other groups are too readily hydrolysed in water. Ketones and aldehydes are too easily reduced or oxidised and are susceptible to nucleophilic attack. Carbon-carbon double and triple bonds are also more reactive than single bonds.
Biosynthetic cost
Protein synthesis takes a major share of the energy resources of a cell [12] . Table 1 shows the cost of biosynthesis of each amino acid, measured in terms of number of glucose and ATP molecules required. These data are often nonintuitive. For example, Leu costs only 1 ATP, but its isomer Ile costs 11. Why would life ever therefore use Ile instead of Leu, if they have the same properties? Larger is not necessarily more expensive; Asn and Asp cost more in ATP than their larger alternatives Gln and Glu, and large Tyr costs only two ATP, compared to 15 for small Cys. The high cost of sulfur-containing amino acids is notable.
Burial and surface
Proteins have close-packed cores with the same density as organic solids and side chains fixed into a single conformation [13] . A solid core is essential to stabilise proteins and to form a rigid structure with well-defined binding sites. Nonpolar side chains have therefore been selected to stabilise close-packed hydrophobic cores. Conversely, proteins are dissolved in water, so other side chains are used on a protein surface to keep them soluble in an aqueous environment.
Solubility
Amino acids need to be soluble in the highly concentrated aqueous environment inside the cell. The least soluble amino acid at pH 7 in water is Tyr (https:// www.anaspec.com/html/amino_acids_properties.html), so any less soluble than this may not be acceptable.
Stability
Even with stable functional groups, some amino acids are prone to unwanted reactions, such as cyclisation or acyl transfer, that can lead to decomposition or racemisation.
Which amino acids came first?
It is plausible that the first proteins used a subset of the 20 and a simplified Genetic Code, with the first amino acids acquired from the environment. Several studies agree on a consensus set of these amino acids, comprising Ala, Asp, Glu, Gly, Ile, Leu, Pro, Ser, Thr and Val [14] [15] [16] [17] . It is likely that folded proteins, with some desirable function, can be produced from a subset of the 20 [15, 18, 19] , although this has not yet been demonstrated for this set of 10. For example, Longo et al. [20] showed that b-trefoil proteins can be produced using just these 10 plus Asn, Gln and Arg in high salt. Their set is notable for amino acids with a high propensity for a-helices (e.g. Ala and Leu) and b-sheets (e.g. b-branched Val, Ile and Thr), although no positively charged side chains. Additional amino acids required the evolution of metabolic pathways, increasing the set to 20. As additional amino acids are added to the code, the advantage of adding a further amino acid decreases compared to the risk of adding too many deleterious mutations simultaneously [21] . While these 10 might be readily available for the first proteins, they were not the only amino acids present. The question still remains as to why these 10 were selected from a much larger pool of amino acids.
Energetics of protein folding
Folded proteins are stabilised by hydrogen bonding, removal of nonpolar groups from water (hydrophobic effect), van der Waals forces, salt bridges and disulfide bonds. Folding is opposed by loss of conformational entropy, where rotation around bonds is restricted, and introduction of strain. These forces are well balanced, so that the overall free energy changes for all the steps in protein folding are close to zero.
Protein folding can be broken down into three stages ( Table 2 ). Whether a protein actually folds by this mechanism (although it may well do [22, 23] ) does not matter here, as I am simply showing alternative environments for a side chain. Firstly, an unfolded protein can form isolated secondary structure. DG for forming a poly(Ala) a-helix in water is close to zero [24] , so the penalty for restricting the backbone to a helical conformation is nearly equal and opposite to the benefits of forming amideÁamide hydrogen bonds. Secondly, nonpolar surfaces on secondary structural elements meet, excluding water and forming a fluid, nonpolar, liquid-like core. Formation of these dry molten globules is driven by the hydrophobic effect. Hydrogen bonds may also strengthen as the dielectric is lower in a nonpolar environment. Finally, the molten globule freezes, forming a folded protein. Side chains that were able to rotate in the molten globule are now locked into a single rotamer, costing conformational entropy [25] , offset by improved van der Waals bonding [22] . A rough cost for freezing a side chain is given by the number of rotatable bonds (Table 1 ; Fig. 1 ). Strain is also introduced, as many side chains are forced to adopt conformations that differ from their most stable state [26] [27] [28] . Finally, all stages are at risk of aggregation, giving useless or even toxic aggregates.
Isolated secondary structure, molten globules and aggregates are potential traps that proteins must avoid. Protein folding may stall at the isolated secondary structure stage, if nonpolar surface area to be buried is too small, and at the molten globule stage, if the cost of freezing the side chains is too high. Nonpolar side chains should therefore have a high surface area to maximise bonding, while not be too flexible, which would make the loss of conformational entropy in the freezing step too high. A protein surface must have polar groups to keep the protein soluble. If bsheets are overly favoured, nonfunctional and possibly toxic amyloid may form.
Proteins are also stabilised by hydrogen bonds using side chains, either to other side chains or to the backbone. While a hydrogen bond might be intrinsically strong, formation of the bond requires fixing the side chain, costing conformational entropy, and strain if the conformation is nonoptimal.
The 20 standard amino acids
Considering the environment 4 billion years ago, and general reasons for choosing side chains, we can now consider the 20 individually.
Gly
Gly is tiny, cheap and has the most flexible backbone.
The complete lack of a side chain means it can adopt conformations unreachable by other amino acids, and its lack of side chain means it can enter narrow spaces.
Ala
Ala is small and cheap. Its CH 3 side chain has little surface to form van der Waals bonds, but it has a profound effect on the backbone, restricting it to either the a-or b-conformations. It is therefore more energetically favourable to put Ala into secondary structure than Gly. The formation of an isolated a-helix in water restricts rotations in side chains in all amino acids, except Ala and Gly [29] . Hence, Ala has the highest preference to be in isolated a-helices [30] .
Val, Leu, Ile, Phe
These hydrocarbon side chains are clearly present to drive protein folding by forming hydrophobic cores, yet why exactly these were selected deserves an explanation. Firstly, why are there so many hydrocarbon side chains, rather than just, say, Leu? Multiple hydrocarbon side chains may be used as they are required to fill a protein core with no clashes and no holes. A variety of pieces are required to fit all the gaps within a protein core. Each can adopt a number of rotamers with similar energies [31] , thus giving a range of possible shapes for each side chain. Thus, Leu and Ile are both needed to increase the range of possible hydrocarbon 3D shapes, despite Ile being more costly to synthesise (Table 1) . Val, Leu, Ile and Phe are striking in that they all have branched carbons, rather than straight chains. Using a branch gives one fewer dihedral angle to be fixed compared to a straight chain [32] . Side chains therefore enter a protein core not just because they are hydrophobic, but also because they do not lose too much conformational entropy when they fold. Similarly, rings are rigid, so Phe has a large hydrocarbon surface and only two bonds to be fixed. Hydrocarbon side chains larger than Phe, Ile or Leu may not be used, as they would be less soluble as amino acids. A cyclohexane ring is also less soluble than a benzene ring [33] , so Phe is used, rather than cyclohexylalanine.
Ile and Thr differ from the other 18 in that they have centres of chirality in their side chains. Alloisoleucine has the opposite chirality at its Cb. The selection of isoleucine over alloisoleucine seems to be chance. 
Met
The explanation above for why branched side chains are preferred over straight chains fails for Met. Met has three bonds to be fixed if it is used in a protein core (Table 1) , giving less stabilisation than one might expect for its size. The first use of Met in protein is likely not to have been for protein stability, however, but rather for initiation of protein synthesis, using the AUG codon and formylMet. Occasional use of AUG would then allow Met to be found at other sites in a protein, such as in forming sulfur-aromatic interactions [34] . It may also be useful in forming a hydrophobic core with its unique shape. Met is prone to oxidation at its sulfur, potentially leading to loss of protein function, but this would not have occurred before the Great Oxidation Event around 2.3 billion years. Met is also the most expensive amino acid to biosynthesise (Table 1) . Life is now stuck with this nonideal amino acid.
Lys, Arg
Lys and Arg are used to give a protein solubility and for catalysis. They are rarely buried, not only because they have positively charged groups, but also because they are on the ends of long, flexible, straight chains, with four rotatable bonds. Their functional groups are also valuable when a positive charge is needed. Arg, in particular, is a superb hydrogen bond donor, with five NH bonds, polarised due to its delocalised positive charge.
Nonpolar residues, such as Leu and Ile, are also often found on the protein surface [35] . One might expect this to be a problem for the protein, as they will reduce protein solubility. If there are Lys or Arg side chains nearby, however, nonpolar groups can form hydrophobic interactions with the CH 2 groups in the Lys and Arg side chains [36] . Nonpolar side chains would thus be less tolerated on the surface if charged groups had fewer CH 2 groups.
Ser, Thr, Asn, Gln, Tyr These amino acids frequently hydrogen bond to other side chains, amide groups in the backbone, to substrates or to ligands. The intrinsic benefit of hydrogen bond formation is offset by the conformational entropic cost of fixing the side chain in position and strain. Functional groups selected for hydrogen bonding are thus on the ends of short chains, with just one or two CH 2 groups, so that the cost of restricting them is low and their biosynthetic cost is minimised.
The aromatic ring in Tyr lowers the pK a of its OH, making it easier to form an O À group and act as an acid.
Tyr can also form functional radicals, such as in ribonucleotide reductase, photosystem II and prostaglandin H synthase [37] and transport electrons in pili [38] . Allothreonine, with the opposite chirality at its Cb, decomposes twice as fast [39] , so threonine may have been selected for this reason.
Asp, Glu
The carboxyl group is stable, has a negative charge for strong electrostatic bonds, binds metals, is an excellent hydrogen bond acceptor, increases protein solubility and can transfer protons. Its twofold symmetry means that the entropic cost of fixing the carboxyl group is low.
As Asp and Glu (and Asn and Gln) have the same functional groups, why do we have two pairs of these amino acids? At some sites, Asp and Glu (or Asn and Gln) can readily substitute for each other. However, this is not always the case. The first residue preceding the a-helix is the N-cap; Asp and Asn are strongly favoured here as they can accept hydrogen bonds from free backbone NH groups [40, 41] . Glu and Gln cannot do this, as their extra CH 2 group pushes their functional groups out beyond the helix terminus. Similarly, at the second (N2) position of an a-helix, Gln and Glu are frequently found because they can loop around and hydrogen bond to the backbone NH groups [42] . Asn and Asp are too short to form these rings. Glu to Asp or Gln to Asn can sometimes thus be very nonconservative substitutions, so all four are used.
Cys
A key function of proteins is to bind metals. Soft metals, such as copper, zinc and cadmium, bind more tightly to sulfur than to oxygen. Cys may therefore have been selected for its metal binding properties, despite its high biosynthetic cost (Table 1) . In particular, Cys is commonly used to bind iron-sulfur clusters. These cofactors are found in a wide variety of metalloproteins, are playing crucial roles in metabolism and are very ancient [43] . The SH side chain is also an effective nucleophile; it has a lower pK a than OH, readily forming S À .
Cys is the only side chain able to perform redox reactions, by forming disulfide bonds to stabilise folded proteins. Cys was selected in an anaerobic environment, however, where disulfide bond formation would have been rare or nonexistent. It is therefore not plausible that Cys was selected for its ability to form disulfides, and its subsequent use for this purpose, starting very approximately 1.5 billion years later after the Great Oxidation Event, is a lucky accident.
His
While the range of chemical reactions available to the 20 side chains is dismally poor, they are good at proton transfer. Rates of proton transfer are maximised when the general acid has a pK a that is the same as the environment. His, with a pK a of around 6.5, is easily tweaked by varying its environment, is an excellent side chain for general acid and base catalysis and is thus abundantly found in active sites requiring proton transfer. It is also often found binding metals.
Pro
The unique structure of Pro, with no backbone NH group and its ring restricting its backbone, means that it is incompatible with many sites in a protein. Nevertheless, it can be highly stabilising, if its ring locks it into a desired conformation, such as within turns. Indeed, it has the lowest conformational entropic cost of folding of any amino acid. Pro is the simplest stable ring structure linking the Ca and N in an amino acid.
Trp
Trp with its double aromatic ring is the least abundant amino acid and the most expensive to synthesise. It has some distinct properties: Trp, with an absorption maximum at around 280 nm, is well suited to be a UV-B chromophore [44] . The UVR8 protein uses an excitonically coupled Trp pyramid for this purpose in plants, for example [45] , detecting potentially damaging levels of UV radiation. The Trp indole chromophore may therefore have been selected to help protect organisms from the intense UV radiation that was present on early Earth in the absence of an ozone layer.
Radical formation is often seen as problematic, as it can lead to oxidative damage, and Trp is most susceptible to radical formation [46] . This ability to form radicals can be used by proteins for electron transfer, with chains of Trp used to transfer electrons across a protein [47, 48] .
Amino acids not selected
We can now consider why some amino acids were not selected (Fig. 2) , even though they are unlikely to be difficult or expensive to synthesise.
D-Amino acids
Mirror image D-amino acids can adopt unusual backbone conformation to drive the formation of specific folded structures, such as turns and helix terminators [49] . Nevertheless, D-amino acids have steric clashes with the backbone when in secondary structure. Proteins must therefore be either all L or all D so that these helices and sheets can form, and this choice may be a result of selection in the RNA World.
Disubstituted at Ca
All 20 amino acids have a hydrogen at the Ca, but it is possible to have a carbon here instead. The simplest of these disubstituted amino acids is a-aminoisobutyric acid, with two methyl groups attached to the Ca. This additional side chain restricts the conformation of the backbone to a helix, with the rare 3 10 -helix favoured over the more common a-helix [50] . Disubstituted amino acids may therefore not be used, due to this lack of flexibility.
Trisubstituted at Cb
If the H attached to the Cb in Val is replaced by another CH 3 , we would have a C(CH 3 ) 3 side chain, giving t-leucine. This would be very hydrophobic for just one rotatable bond. However, side chain selection is a balance between its stabilising effect on a protein and the ability to adopt a range of conformations and a quaternary carbon would be highly restrictive.
Straight-chain hydrocarbons
It is remarkable that the simplest hydrocarbon side chain after Ala, CH 2 CH 3 (a-aminobutyric acid or homoalanine), is not used. Similarly, norvaline and norleucine, which have CH 2 CH 2 CH 3 and CH 2 CH 2 CH 2 CH 3 , respectively, are not used, despite each having a similar hydrophobicity to their isomers. However, as explained above, they cost more conformational entropy to fold than their branched isomers. If Ala is extended to a-aminobutyric acid, it gains an additional rotamer to be fixed; extending it further to Val gives extra nonpolar surface without adding any more bonds to be fixed. Hence, Val is favoured over a-aminobutyric acid. Straight-chain hydrocarbons favour isolated a-helix formation [51] , so would promote the formation of solvent-exposed helices or dry molten globules, not folded proteins. Similarly, lipids use long straight chains to ensure that membranes remain fluid. Norvaline and norleucine are also prone to misincorporation in proteins, in place of leucine or methionine, respectively [52] .
Short-chain amines
The amine group NH þ 3 is found on the end of a long chain of four CH 2 groups. Shorter chains, notably CH 2 NH þ 3 , would have the same functional group and cost less to biosynthesise. The Lys side chain has been selected to be on the protein surface, driven there not just by the presence of the highly polar group, but also by the amine being on the end of a long straight chain, which maximises the number of bonds to be fixed if the side chain was buried. The CH 2 NH þ 3 side chain is not used because it is conflicted -its lack of carbons means that it would have few rotamers to fix, thus encouraging its burial, while the amine group would prefer the surface. Amino acids with amine side chains are also prone to acyl transfer and lactamisation (Fig. 3) , with the likelihood of these unwanted reactions decreasing with chain length [53, 54] . Arginine analogues with one or two CH 2 groups can also cyclise (Fig. 4) [10] .
Long-chain carboxyls
Carboxyls are found with just one or two CH 2 groups, and not on the end of long straight chains. Asp and Glu are used to hydrogen bond or transfer protons. If they were on the ends of long chains, it would cost more conformational entropy for them to fold into a single conformation for hydrogen bonding. Long-chain carboxyls could play a similar role to Lys with solubility, but having two polar atoms in the carboxyl group, compared to one in an amine, makes the carboxyl more suitable for hydrogen bonding than the amine.
Functional groups bonded to Ca
Functional groups are never bonded directly to the Ca; thus, we see a CH 2 between a hydroxyl, carboxyl, thiol, amide, indole, phenyl or imidazole group, and the Ca. Large groups attached to the Ca, such as indole, phenyl and imidazole, greatly restrict the allowed conformations of the backbone. Aromatic or carboxyl groups attached to the Ca will allow easy racemisation at the Ca, as proton loss here is facilitated by the aromatic rings. Amino acids with OH or SH attached to the Ca are unstable. In general, a CH 2 R side chain is most often preferred, because it allows a and b structure, is not too expensive, is stable and does not lose too much conformational entropy when folded.
Conclusion
While we will never know for sure what happened 4 billion years ago, many of the ideas discussed here are testable, principally by introducing unnatural amino acids into proteins or only using a subset of amino acids. For example, it may be impossible, or at least much more difficult, to make folded, functional proteins that use only straight-chain hydrocarbon side chains, lack short-chain hydrogen bonding groups or use shortchain positive side chains instead of Lys or Arg.
There are excellent reasons for the choice of every one of the 20 amino acids and the nonuse of other apparently simple alternatives. If all else fails, one can resort to chance or a 'frozen accident', as an explanation. The only true frozen accident may be using isoleucine rather than alloisoleucine. I therefore believe that when we study the xenobiochemistry of life on other planets, or if we reran the events at the end of the RNA World, alien organisms will be using much the same group of amino acids that we find here on Earth.
